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At least eight loci (A, B, D, E, H, K, M, S) are involved in

coat colour variation in dogs. Locus B contains the tyrosi-

nase-related protein 1 (TYRP1) gene,1 which encodes a

melanosomal enzyme catalysing the oxidation of intermedi-

ates in the synthesis of eumelanin. TYRP1 mutations cause

dilution of the black eumelanin to brown. To date, three

recessive mutations in TYRP1 have been found in dogs

with a brown coat colour: bs, c.991C>T (p.Gln331Ter); bd,

c.1033_1035del (p.Pro345del); and bc, c.121T>A
(p.Ser41Cys).1 The presence of two recessive alleles lead to

the production of brown eumelanin. In a few breeds, such

as the Australian Shepherd, the brown coat colour is con-

fusingly called red. Here, we investigated the litter of an

Australian Shepherd, in which two brown puppies

appeared while the dam did not carry any of the three

common TYRP1 mutations.

Blood samples (K3EDTA) or cytological brush samples

were collected from 42 purebred dogs of the Australian

Shepherd breed. Genomic DNA was isolated using the

DNeasy Blood & Tissue Kit (Qiagen). PCR products gener-

ated by primers described previously2 or newly designed

for exon 7 (Table S1) were sequenced using a BigDye Ter-

minator v3.1 Cycle Sequencing Kit and an ABI 3130xl

Genetic Analyser (Applied Biosystems).

The presence of the mutation c.914C>T (p.Arg306Ter)3

in the melanocortin receptor 1 (MC1R) gene was excluded

in all investigated dogs. Therefore, the observed phenotypes

were not caused by the production of pheomelanin instead

of eumelanin. Sequencing of TYRP1 revealed a novel non-

sense mutation c.555T>G (p.Tyr185Ter, g.33319349T>G)
(GenBank accession no. KY564174) in exon 2, resulting

in a premature UAG stop codon and a truncation of 353

of the 537 amino acid residues, which contain all func-

tional domains. Most likely, the brown coat colour in one

sibling and two puppies of the dam is explained by the

novel mutation in combination with the common muta-

tion bd or bs (Fig. S1, Table S2). The TYRP1:c.555T>G
mutation was present in four direct siblings of the dam

and also in her mother but not in 30 non-related Aus-

tralian Shepherd dogs. Nonsense mutations in exon 2 also

have been reported in rabbits4 and cats.5,6
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Additional supporting information may be found online in

the supporting information tab for this article:

Figure S1 Pedigree tree of the family illustrates the occur-

rence of a novel mutation.

Table S1 Primers used for the characterization of the

canine TYRP1 gene.

Table S2 The summary of variants found in TYRP1 gene

sequence of the proband family.
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KCC3 and KCC1 are potassium chloride transporters

encoded by SLC12A6 and SLC12A4 respectively with par-

tially overlapping function,1 and KCC3 knockout mice exhi-

bit hypertension.2 Two KCC3 isoforms differ by alternate

promoters and first coding exons3: KCC3a is widely

expressed and KCC3b is highly expressed in kidney proximal

convoluted tubule.4 We genotyped KCC3 and KCC1 amino

acid substitutions using Taqman assays (Table S1) in 307

Suffolk, Rambouillet, Polypay and Columbia sheep. Whole

blood sodium and potassium concentrations were deter-

mined by atomic absorbance spectrometry. Association was

determined by mixed models in SAS 9.2 (SAS Institute, Cary,

NC, USA) with breed and genotype for variant of interest as

fixed effects and sire nested within breed treated as random.

Preliminary testing showed age in years was not related to

ion concentrations (P > 0.05), so age was not included in

the models. No KCC3a or KCC1 substitutions (Table S2)

were associated with blood potassium or sodium (all

P > 0.05). KCC3b R31I is a charged substitution located in

a conserved motif (Table S3), and although it was not asso-

ciated with potassium (P > 0.05), it was associated with

blood sodium in an underdominant manner (Table 1)

whereby sodium was significantly higher in both homozy-

gotes than in heterozygotes (P < 0.05). The sodium associ-

ation is interesting because: (i) KCC3 is known to transport

only potassium and chloride, not sodium5 and (ii) KCC3a

interacts with the sodium–potassium pump, whereas

KCC3b does not.6 Possible mechanisms include: (i) R31I

alteration of KCC3b sodium affinity, (ii) KCC3b oligomer for-

mation with sodium transporters7 or (iii) indirect influence,

e.g. by impairing sodium–potassium pump efficiency

through potassium availability.8 Regardless of the specific

mechanism, the underdominant pattern suggests allelic

incompatibility9 such as dimer impairment. Because KCC3

functions as a homodimer,10 R31I may interfere with

KCC3b dimer function in regulating sodium concentration.

To our knowledge, this is the first report of a KCC3 variant

associated with blood sodium. These data suggest further

study of coordinated function between KCC3 and sodium

transport, and that sheep with KCC3b R31I may serve as a

biomedical model.
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Table 1 Adjusted mean blood sodium concentrations by SLC12A6

(KCC3b) R31I genotype.

Genotype n

Adjusted mean

sodium conc. (mM)

IIa 47 128.9

IRb 109 120.6

RRa 140 126.1

Tukey-Kramer pairwise comparisons: IIa > IRb (P = 0.008); RRa > IRb

(P = 0.02); RRa not different than IIa (P = 0.37).
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